ganism is more "plastic" to its environment. Although over time this "plasticity" is lost, the early developmental "programming" can generate permanent changes to organs and systems impacting life-long disease risk. A growing body of epidemiological data support this hypothesis. However, very little is known about the mechanisms whereby environmental insults modify long-term disease susceptibility. Whereas Barker's original hypothesis focused on the consequences of in utero nutrition, there is now evidence that other exposures, including maternal cigarette smoke and allergens, are strong risk factors for development of asthma. More than 500 articles examining the relationship of maternal and postnatal cigarette smoke exposure to asthma and lung function outcomes consistently show a 30 -40% increase in the odds of asthma or persistent wheezing in early life (33) . Similarly, maternal allergen exposure increases risk of atopy in children (21, 47) .
Little is known about how maternal exposure impacts the developing airways. However, there are clear links between airway remodeling early in childhood and increased asthma susceptibility. Wide interindividual variability in normal airway development (16, 43) and responsiveness (34, 43) is evident in the postnatal period, and reduced neonatal lung function has been associated with lower lung function in childhood, increased airway responsiveness, wheezing, and early asthma diagnosis (28, 45) . A thickened subepithelial lamina reticularis is apparent in bronchial biopsies of children several years before asthma diagnosis (36, 39) . Bronchial epithelium of children with asthma is less differentiated, has a greater rate of proliferation, and dysregulated repair, all of which may contribute to initiation of lung remodeling (10, 20) .
The Brown Norway (BN) rat is used as an experimental model of asthma (27) . The normoresponsive Lewis rat serves as a control. Although appearing normal at baseline, the defining features of asthma can be reproduced in Lewis rat following allergen exposure (9) . The BN rat is naturally atopic (31) . In common with human allergic asthma, BN rats have early and late allergic responses and eosinophilic airway inflammation (9) . With repeated allergen challenge, they develop airway hyperresponsiveness to methacholine (MCh) (4) and structural changes in the airways (40) .
We showed previously that distinct transcriptome signatures distinguish the developmental respiratory phenotypes of BN and Lewis rat (7) . We hypothesized that maternal allergen exposure would influence asthma pathogenesis in offspring by reprogramming these primary patterns of lung gene expression. We show that prenatal allergen exposure alters the developmental trajectory of lung gene expression in a strain-specific fashion and influences postnatal respiratory phenotype in both atopic BN and normoresponsive Lewis rat.
MATERIALS AND METHODS
Animals. Lewis and BN male and female rats (Charles River Laboratories, Saint Constant, QC, Canada) were housed in the Montreal Children's Hospital Animal Facility. Animal procedures were approved by the Canadian Council for Animal Care and the Animal Care Committee of the McGill University Health Centre.
Allergen sensitization and challenge. Ovalbumin (OVA) sensitization was performed on 8 -10-wk-old female rats by simultaneous injections of 1 mg of OVA (Sigma-Aldrich, Oakville, ON) absorbed to 100 mg of aluminum hydroxide in 1 ml of saline (SAL) subcutaneously (s.c.) and 2 ϫ 10 9 heat-killed Bordetella pertussis in 0.5 ml SAL by intraperitoneal injection (provided by T. Issekutz, Dalhousie University, Halifax, NS, Canada). Control rats received SAL injections. Animals were bred 14 days later. Pregnant dams were challenged for 30 min at embryonic days (E)1, E7, E13, and E19 with 1% aerosolized OVA in SAL or SAL alone, using the InExpose system (SCIREQ, Montreal, QC, Canada). Pups were collected at postnatal days (PN)1, 7, or 14 ( Fig. 1) .
Airway responsiveness. Airway responsiveness was measured in 14-day-old pups using a computer-controlled small animal ventilator (flexiVent, SCIREQ) as we described (7) . Pups were deeply anaesthetized by an intraperitoneal (ip) injection of xylazine (8 mg/kg) and pentobarbital (70 mg/kg), tracheotomized, and ventilated quasisinusoidally at a frequency of 150 breaths/min and a tidal volume of 10 ml/kg at positive end-expiratory pressure level of 3 cm of H 2O. Subsequently, they were paralyzed by injection of pancuronium bromide (0.8 mg/kg ip). Baseline respiratory resistance was measured at 150 breaths/min. Maximal resistance was recorded before and after increasing doses of aerosolized MCh (6.25, 12.5, 25.0, and 50.0 mg/ml).
Bronchoalveolar lavage. Bronchoalveolar lavage (BAL) was performed by instilling the lungs four times with 0.4, 0.7, and 1.0 ml of cold PBS for PN1, 7, and 14, respectively, through a tracheal cannula. Lavage fluid was centrifuged, and pellets were resuspended in 0.5 ml cold saline. Total cell numbers were counted with a hemacytometer. Cytospin slides (Cytospin4; Shandon, Pittsburgh, PA) prepared for differential cells counts were stained with Diff-Quick (Hema3 stainset; Fisher Scientific, Middletown, VA) and counted (Ͼ200 cells/ slide) to determine the percentage of each cell type.
Serum IgE. At PN14 blood was collected from killed pups. Plasma was isolated by centrifuging the blood samples at 12,000 rpm for 10 min. Total IgE levels were measured using the Rat IgE ELISA Quantitation Set according to the manufacturer's procedure (Bethyl Laboratories, Montgomery, TX). Briefly, 96-well plates were coated with sheep anti-rat IgE antibody and blocked for 30 min. Rat IgE added to the wells was detected with horseradish peroxidase-conjugated sheep anti-rat IgE antibody and tetramethyl benzidine peroxidase substrate. After the reaction was stopped, absorbance was measured using an ELISA plate reader set at 450 nm.
Inflammatory cytokines. The MESO multi-spot immunoassay system (Meso Scale Diagnostics, Gaithersburg, MD) was used for detection of rat IL-1␤, KC/GRO (CXCL1), IL-4, IL-5, TNF-␣, IFN-␥, and IL-13 according to the supplier.
RNA isolation. RNA from whole lung tissue was isolated using Trizol (Invitrogen, Burlington, ON, Canada) according to the manufacturer. RNA was resuspended in 1ϫ RNASecure (Ambion, Austin, TX) and treated with the Turbo DNase-free kit (Ambion) to remove traces of DNA.
Quantitative real-time RT-PCR. Quantitative real-time RT-PCR was performed on the Mx4000 QPCR system (Stratagene, La Jolla, CA) using the QuantiTect SYBR green RT-PCR kit (Qiagen, Mississauga, ON, Canada). Gene-specific primers for SYBR green detection of Edg4, Sftpd, Orm1, Tagln, Lgals, Timp1, Myl9, and Gapdh were predesigned (Qiagen QuantiTect primer assays). cDNA was prepared from an initial 250 ng/l of RNA. RNA was incubated at 65°C for 5 min with 1 g/l of random primers and 10 mM dNTPs. To this, 5ϫ first strand buffer, 1 mM DTT, 1 l of RNase OUT (Invitrogen), and 1 l of Superscript II (Invitrogen) was added and incubated at 42°C for 1 h and 70°C for 15 min. RT-PCR was performed in 25-l reactions for 40 cycles using 1 l of cDNA. Relative mRNA expression levels were analyzed using the ⌬⌬ cycle threshold method (n Ն 4 for all assays).
Statistical analyses. All results for respiratory phenotypes are presented as means Ϯ SEM. Statistical significance of difference of group averages was determined by one-way or two-way ANOVA. Pair-wise comparisons for respiratory phenotypes were assessed using the two-tailed Student's t-test with significance defined as P Յ 0.05.
Microarray data analysis. Global gene expression analysis was carried out at the McGill University and Genome Quebec Innovation Centre on the Illumina RatRef 12 microarray, which contains 22,523 gene probes that interrogate 11,631 unique rat genes. Raw data were quantile normalized using the R Bioconductor package, lumi. (http://www.bioconductor.org). Principal component analysis (PCA) and linear correlation analysis were used to assess patterns of global gene expression in whole lung. Microarray data are available at the National Center for Biotechnology Information Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/ geo/) GSE32622.
Four biological replicate samples were microarray profiled for each condition (strain-age-exposure). There are 12 (2 rat strains ϫ 3 ages ϫ 2 exposures) unique conditions. PCA was used to investigate the sample variation in 22,523 gene probe expression space and to select two replicate samples per condition for subsequent gene expression profile reproducibility and differential analyses. Firstly for each gene probe, we computed the linear correlation across the 12 unique conditions between the first and second replicate sample profiles to quantify the reproducibility of the gene probe expression (measurement) profile. Depending on the context, a gene probe was considered reproducible if this correlation value was Ͼ0.7 or 0.8. (18, 19) . Depending on the context, the top 5% or 10% highest loading magnitude gene probes in any one of PC1-3 were selected for further differential analysis: SAL vs. OVA. For each rat strain and each gene probe, the OVA vs. SAL linear correlation value across three ages ϫ two replicates was used to quantify the change in the developmental time profile of the gene between the two conditions. We considered a gene to be differentially expressed if it is 1) reproducible, i.e., with correlation between first and second replicate profiles Ͼ0.7 or 0.8, 2) a top 5% or 10% PC1-3 gene described earlier, and 3) its OVA vs. SAL correlation value was Ͻ0.0 or Ϫ0.1.
RESULTS
Maternal allergen exposure enhances effects of MCh provoked airway resistance. We measured airway resistance at PN14 at baseline and after exposure to increasing doses of aerosolized MCh using the Flexivent small animal ventilator (Scireq). Maternal OVA exposure was associated with increased airway resistance in BN pups at higher doses of MCh (Fig. 2) . A modest but significant induction of lung resistance was also observed in OVA-exposed Lewis rat at lower MCh dose.
Maternal allergen exposure increases inflammatory cells in BAL. Inflammatory cell infiltrates were assessed in BAL fluid isolated from rat pups at PN1, 7, and 14. Figure 3A illustrates the percent increase in BAL neutrophils and eosinophils in each of the rat strains. Maternal OVA exposure was associated with increase in percentage of neutrophils in both strains at all time points with the exception of BN pups at PN14. OVA-exposed BN pups also had a significantly higher number of neutrophils than OVAexposed Lewis pups at PN1. OVA-exposed BN pups had elevated eosinophils at PN7 and 14. At all time points, OVA-exposed BN pups had significantly higher eosinophil levels than OVA-exposed Lewis pups.
A significant increase in the total number of neutrophils following OVA exposure was observed in Lewis pups at PN14 and in BN pups at PN1 and PN7. At PN1 and PN7, total neutrophils in OVA-exposed BN pups were significantly higher than in OVA-exposed Lewis pups. Total BAL eosinophils were elevated in BN pups at PN1 and PN7.
Increased serum OVA-specific IgE and inflammatory cytokines in pups of dams exposed to allergen. We assessed whether elevated BAL eosinophil levels observed in BN pups would be associated with increased OVA-specific IgE (Fig. 4A ). We noted significantly elevated OVA-specific IgE in both BN and Lewis pups at PN14. Levels of IgE in OVA-exposed BN pups were significantly higher than corresponding values in OVA-exposed Lewis pups at all time points. We further assessed BAL levels of a panel of inflammatory serum cytokines including IFN-␥, IL-1␤, IL-4, IL-13, KC/ GRO (also known as CXCL1, GRO␣), and TNF-␣. Maternal OVA-exposed BN but not Lewis pups had elevated levels of IL-1␤, TNF-␣, and KC/GRO (Fig. 4B) .
Maternal allergen exposure reprograms the developmental trajectory of lung gene expression. Having demonstrated developmental differences in the respiratory phenotype of maternal OVA-exposed pups, we next examined the impact of this exposure on global gene expression. In this study, our primary objective was to examine the intrastrain differences in the transcriptome following maternal exposures. Total RNA isolated from whole lung at PN1, 7, and 14 from OVA-and SAL-exposed pups was profiled using Illumina RatRef12 microarrays. Quadruplicate microarray measurements were made for each of the 12 conditions: two strains ϫ three ages ϫ two exposures.
PCA was used to qualitatively assess the sample variation in the postnatal developing lung transcriptome (18, 19) . To visualize lung developmental trajectories for the rat strains and exposures in 22,523-probe transcriptome space, replicate sample points were coclustered (data not shown); therefore, we selected two of four replicate samples to represent each strain-age-exposure for subsequent analyses. Figure 5 illustrates the principal component coordinate centroids of each strain-age-exposure with connecting lines between centroids to mark developmental trajectories. Visually, PC1 appeared to correspond to developmental age, PC2 to strain, and PC3 to a combination of age and strain. Therefore, we considered the top 5% of probes contributing to any one of PC1-3 as potentially important contributors to age and strain variation. The greatest distances between OVA and SAL trajectories were seen at PN1 for BN pups and at PN7 for Lewis pups. We next investigated genes that were affected by OVA exposures. We identified 3,693 probes with reproducible profiles, i.e., linear correlation Ͼ0.8 between replicate profiles across strain-age-exposure. To assess the change in the expression time series between OVA and SAL for each strain and each probe, we computed the linear correlation between the OVA vs. SAL profiles across three ages ϫ two replicates. If the expression time series of a gene is different in OVA vs. SAL, its correlation value will be low. An example for two hypothetical profiles of genes A and B is illustrated in Fig. 6A . The expression time series for gene A is well correlated in SAL vs. OVA and poorly correlated for gene B. The expression of gene B during lung development is potentially affected by OVA exposure. Note that, if OVA exposure causes a uniform basal shift in gene expression from SAL exposure as in gene A, the OVA-SAL correlation is 1, and therefore gene A is not considered to be affected by OVA exposure when correlation is used to measure similarity. Figure 6B shows the histograms of OVA-SAL time series correlations for the 3,693 reproducible probes for each strain. Overall, the Lewis pups have more poorly correlated genes than BN pups.
Among the 3,693 reproducible probes, 1,889 were among the top 5% contributors to PC1-3 age and strain variation. For each of these 1,889 probes in each strain, we computed the OVA-SAL correlation and consider probes with correlation ϽϪ0.1 as representing genes whose developmental expression profile is affected by OVA exposure, Fig. 6C . There were 799 such OVA-affected probes: 112 were affected in both strains, 176 in BN only, and 511 in Lewis only. Table 1 summarizes a subset of probes whose developmental time series is affected by maternal OVA exposure. Many of these represent genes previously identified to have a role in lung development. Some have been associated with asthma based on a comprehensive literature search. The expression time series of genes identified by microarray analysis are illustrated in Fig. 7 including Edg4, Orm1 (negative OVA-SAL correlation for BN and Lewis pups, see Table 2 ) Sfpd, Tgln (negative OVA-SAL correlation for BN pups only), Lgals1, Timp1, and My19 (negative OVA-SAL correlation for Lewis pups only). Figure 8 illustrates qRT-PCR validation for a subset of significantly affected genes.
Multiple OVA-specific probes are differentially expressed in lymphoblastoid cell lines from human asthmatic vs. nonasthmatic sibling pairs. We compared genes affected by OVA exposure in the developing lungs of our rat strains to those differentially expressed in lymphoblastoid cells from asthmatic vs. nonasthmatic human sibling pairs (Fig. 9 , Table 1 ) (29) . Of the 148 human homologs corresponding to the 288 OVA-affected probes in BN rat, 36 (24.3%) were differentially expressed in asthma. Of the 326 human homologs corresponding to the 623 OVA-affected probes in Lewis rats, 61 (18.7%) were differentially expressed in asthma. Both gene sets were enriched for asthmatic vs. nonasthmatic differential expression, 2.1-fold for BN, 1.5-fold for Lewis-Fisher exact test P Ͻ 0.0033. There was were assessed in BAL fluid isolated from rat pups at PN1, 7, and 14 (n Ͼ 4 all groups, except Lewis SAL and BN OVA PN14, n ϭ 3). A: percentage of neutrophils was elevated in OVAexposed Lewis pups at PN7 and 14 and BN pups at PN1 and 7. Following maternal OVA exposure, BN pups display higher neutrophil levels than Lewis pups at PN1. Eosinophil percentage was significantly increased in BN pups after maternal OVA exposure at PN7 and 14 and was higher than in Lewis pups at all 3 time points. B: OVA exposure was associated with an increase in the total number of neutrophils from BAL fluid in Lewis pups at PN14 and in BN pups at PN1 and 7. The total number of eosinophils was elevated in OVA-exposed BN pups at PN1 and 7 and was significantly higher than that observed in Lewis pups at PN1 (*P Ͻ 0.05 OVA vs. SAL; #P Ͻ 0.05 vs. Lewis rat).
greater overlap between the OVA-affected probes in the atopic BN than in the Lewis rat.
Gene ontology enrichment analysis highlights strain-specific biological processes affected by maternal OVA exposure. We performed gene ontology (GO) enrichment analysis on the human gene homologs of rat genes affected by OVA exposure in each strain. Here we relaxed the above criteria for determining whether a gene is affected by OVA exposure to enlarge the set of genes for GO analysis (Fig. 6D) (Table 2) . 
DISCUSSION
Alveolar development begins at 28 wk of gestation, and alveoli increase in number, size, and complexity until 3-4 yr (8). In rodents, alveogenesis is exclusively postnatal. Respiratory function tracks from the first year of life into adulthood, and poor lung development is a risk factor for asthma (2) . Multiple studies on the association between exposures and subsequent asthma risk (reviewed in Ref. 32 ) have confirmed that timing of exposure is a critical variable in determining asthma risk. The maternal environment is the first exposure that contributes to this risk. Although epidemiological studies have revealed many environmental risk factors for asthma, how individual genotypes modulate responses to these factors is poorly understood.
We reported on the impact of asthma susceptibility traits on respiratory development (7) . A rat strain that modeled the trait of atopy (BN) had a distinct developmental respiratory phenotype associated with a unique transcriptome signature. We hypothesized that these transcriptomic differences would be exaggerated in pups exposed to allergen in utero. However, we did not predict the extent to which maternal OVA exposure would impact developmental pulmonary gene expression and respiratory phenotype in the normoresponsive rat; nor did we expect that the gene sets that are most profoundly influenced by allergen exposure would be almost entirely different from those that confer innate genetic susceptibility in the naturally atopic rat. The effect of OVA on the BN and Lewis transcriptomes was distinct with only 14% overlap in allergen-induced alterations in the developmental trajectories of gene expression in the alveolarizing lung. Of note, human homologs of OVA-specific probes in rat models were enriched in human lymphoblastoid cell lines prepared from asthmatic patients. Moreover the atopic BN rat showed a greater percentage of overlap and greater fold enrichment than the nonatopic Lewis rat.
The BN rat has long been considered the most suitable animal model for the study of allergic inflammation (38) . Differences in the allergic response to antigen between adult Lewis and BN rats are well documented. In BN rats, injections of OVA induce a high IgE-specific antibody response and high total serum IgE levels accompanied by T cell-mediated airway eosinophilia and expression of Th2 cytokines. Lewis rats produce a significantly lower response (1). The BN dam may be considered analogous to allergic mothers who are at higher risk of having an asthmatic child. Our findings support specific roles for environmental exposures in influencing fetal respiratory development in offspring of atopic vs. nonatopic mothers. These distinct effects of maternal exposure on lung development in the two strains may reflect both direct effects of OVA on in utero development and indirect effects of maternal inflammation in the atopic vs. nonatopic dams. To our knowledge, this is the first report of the effects of maternal gene-environment interactions on in utero lung development with relevance to asthma risk. Our findings in the Lewis rat also underscore the profound impact of maternal exposure on lung development and allergic reaction even in the absence of preexisting genetic predisposition. These findings also have implications for human asthma studies and emphasize the need to identify children born to mothers in settings of dramatically increased exposures.
Maternal inflammatory mediators are also present in mother's milk, raising the question of whether effects on lung development may be accounted for by postnatal nutrition. However, our findings of profound neutrophilia and eosinophilia and of the most pronounced effects on the lung transcriptome at PN1 in the atopic BN rat underscore the effects of prenatal exposure to OVA in this model. Moreover, we show that a significant percentage of genes affected in Lewis pups at PN7 are the very same as those affected in BN pups at PN1, suggesting that there is a common effect that is temporally distinct in the two strains and that this effect occurs before postnatal nutrition.
MCh-induced lung resistance, BAL neutrophilia, and elevated serum OVA-specific IgE were observed in pups of both strains. BN pups also exhibited BAL eosinophilia with elevated levels of TNF-␣, IL-1␤, and KC/GRO, cytokines more often associated with inflammatory lung injury at birth, bronchopulmonary dysplasia (BPD) and chronic obstructive pulmonary disease (COPD). Increased risk for asthma and COPD (2) in BPD survivors has been attributed to developmental impairment of lung function. The distinct phenotypes exhibited in the postnatal period were associated with unique trajectories of global gene expression. Many of the strain-specific genes whose trajectories of expression were altered following OVA exposure have a documented role in lung development. Some have also been implicated in respiratory disease including asthma. Although individual genes affected were unique to each of the strains, their potential impact on critical biological processes in respiratory development may be similar. We briefly discuss how reproducible probe from B, 1,889 probes have loading magnitudes that are in the top 5% in PC1-3, which correspond to age-strain variation, and 799 of these are affected by OVA exposure, OVA vs. SAL correlation Ͻ Ϫ0.1 for either strain. D: for gene ontology enrichment analyses, we relaxed the criteria in C. For determining whether a probe is affected by OVA exposure, we identified 5,724 reproducible probes correlation Ͼ0.7 between 1st and 2nd replicate profiles. Of these, 3,669 probes have loading magnitudes that are in the top 10% in PC1-3, which correspond to age-strain variation, and 1,806 of these are affected by OVA exposure, OVA vs. SAL correlation Ͻ 0.0 for either rat strain. these processes may be affected by perturbation of expression of several of these genes.
Cellular phospholipids serve multiple roles in respiratory development and immune defense. Maternal exposures that perturb expression of genes essential to normal phospholipid functions may have subtle effects on the lung that compromise its ability to respond to future environmental insults. The trajectory of expression of Edg4 (Lpa2), a lysophosphatidic acid (LPA) receptor and Orm1 (Human ORMDL3), was affected by OVA in both strains. LPA acts via Edg4 to transactivate factors with roles in developmental remodeling and in remodeling in asthma (49, 42) . Orm proteins regulate sphingolipid homeostasis. Human ORMDL3 variation confers increased asthma risk in children estimated at up to 20% (29) . Our observed effects on Orm1 in developing lungs provide a unique link between allergen exposure, sphingolipid homeostasis, and lung development.
Surfactant deficiency in severe prematurity causes respiratory distress syndrome and may lead to BPD. Surfactant protein D (SP-D), encoded by Sftpd, produced by alveolar cells in late gestation, functions in innate immune defense. SP-D is induced in acute asthma and is believed to be involved in allergen-induced airway changes. The interaction between SP-D and allergen exposure in the developing lung may have implications for long-term immune defense. Not all genes in larger ontology groups are listed. Fold enrichment represents odds ratio that the difference in developmental pattern of expression for genes in the ontology group are a consequence of in utero ovalbumin (OVA) exposure. SAL, saline.
Myoblastic differentiation of lung mesenchymal cells depends on the timely stimulation of contractile proteins including smooth muscle protein 22 (SM22, encoded by Tagln) (37) . SM22 also has a key role in pulmonary repair (50, 51) . Elevated Tgln expression observed in BN pups is also a characteristic feature of endobronchial biopsies from asthmatic patients (25) . The newborn lung is likely to be particularly sensitive to fluctuations in Tagln expression.
Our combined data suggest that inflammatory, immune, structural, and physiological changes in the lung can be identified by analyzing phenotypic susceptibilities of inbred strains in conjunction with investigation of gene-environment interactions in the developing animal. The very early presence of these abnormalities suggests that environmental processes, operating in utero and in early postnatal life, may forecast the extent and severity of chronic lung disease later in life. The characterization of such risk in early life has practical, clinical, and prognostic implications and could set the basis for preventative strategies.
Our findings underscore the need to describe a set of "allergen"-sensitive genes that may constitute a unique class of genes as yet not identified by whole genome studies. Our results also emphasize the need for studies in animal models, where only retrospective analyses are feasible in humans. The ultimate goal is to determine how maternal and early life exposures interact with preexisting respiratory genotypes to initiate asthma pathogenesis to enable the development of early preventive strategies that effectively and safely reverse immune dysfunction.
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